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I$SPS9"!()!2&'!3-)2.-,!-M!A.-B2&!0)1!M'.2(,(2C!555555555555555555555555555555555555555555555555555555555555555555555555555555555!RR!
8T9%PQPM&%"2%"%$)*#">*;$.1%$"#3*$%66666666666666666666666666666666666666666666666666666666666666666666666666666666666666666666666%77!
T9(#"021#.>$.+0",%#*3;,"$.+0%+-%PQPM&%.0%,./*#%6666666666666666666666666666666666666666666666666666666666666666666666%7@!
#$EE#<Y!(*!0!F'C!.'A+,02-.!-M!SPS9"!1+.()A!M0*2()A!0)1!F'2-A')(3!1('2!M''1()A!55555555555555!R6!
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!
% %
!
! U!
("=,*%+-%8,,;2$#"$.+02%
S(A+.'!"!T E&C*(-,-A(30,!.'A+,02(-)!-M!&'402(3!A,+3-*'!0)1!,(4(1!/'20:-,(*/!
S(A+.'!9T!%&'!/0@-.!()*+,()!*(A)0,()A!402&B0C*!
S(A+.'!GT!^'402(3!A,C3-,C*(*!
S(A+.'!OT ^'402(3!A,+3-)'-A')'*(*!
S(A+.'!QT =2.+32+.'!0)1!)-/')3,02+.'!-M!M022C!03(1*!
S(A+.'!UT %&'!,(4-A')(3!402&B0C!
S(A+.'!RT S022C!#3(1!W7JV(102(-)!
S(A+.'!6T H'2-)'!:-1C!*C)2&'*(*!
S(A+.'!8T %&'!P,-:0,!I(0:'2'*!K4(1'/(3!
S(A+.'!">T K)'.AC!(/:0,0)3'!,'01*!2-!%C4'!9!1(0:'2'*!
S(A+.'!""T =','32(N'!&'402(3!()*+,()!.'*(*20)3'!
S(A+.'!"9T %&'!&(*2-,-A(30,!4.-A.'**(-)!-M!\#SXI!!
S(A+.'!"GT %&'!1'N',-4/')2!-M!&'402(3!*2'02-*(*!0)1!2&'!c2B-!&(2d!&C4-2&'*(*!
S(A+.'!"OT ^'402-F()'*!()1+3'1!()!.'*4-)*'!2-!-:'*(2C!0)1!%C4'!9!1(0:'2'*!!
S(A+.'!"QT =2.+32+.'!-M!2&'!L&<K?EY!0)1!L&<K?EW!4.-2'()*!
S(A+.'!"UT E-*272.0)*,02(-)0,!.'A+,02(-)!-M!L&<K?E!()!.'*4-)*'!2-!A,+3-*'!!
S(A+.'!"RT E&C*(-,-A(30,!.',02(-)*&(4!:'2B'')!L&<K?EY!0)1!L&<K?EW!
S(A+.'!"6T %.0)*3.(42(-)0,!.'A+,02(-)!-M!L&<K?E!1+.()A!M''1()A!
S(A+.'!"8T %.0)*3.(42(-)0,!*+4.'**(-)!-M!L&<K?E!1+.()A!M0*2()A!
S(A+.'!9>T <'A+,02(-)!-M!EE#<Y!()!.'*4-)*'!2-!M0*2()A!
S(A+.'!9"T The role of EE#<Y!()!&'402(3!')'.AC!/'20:-,(*/!:0,0)3'!!
S(A+.'!99T E&C*(-,-A(30,!.-,'*!-M!SPS9"!
S(A+.'!9GT SPS9"!*(A)0,()A!402&B0C!()!01(4-*'!2(**+'!
S(A+.'!9OT %&'!#1(4-)'32()7SPS9"!0V(*!
! R!
S(A+.'!9QT The SPS9"!0)0,-A!Xe9O>QG"8!'MM'32!03.-**!*4'3('*!
S(A+.'!9UT =2.+32+.'!-M!2&'!SPS9"!/-+*'!4.-/-2'.!
S(A+.'!9RT #!L&<K?E!0)1!EE#<Y!3.-**720,F!(*!.'f+(.'1!M-.!2&'!A,+3-*'7!
/'1(02'1!SPS9"!.'*4-)*'!!
S(A+.'!96T SPS9"!(*!','N02'1!()!/-+*'!4,0*/0!M-,,-B()A!0)!-.0,!A,+3-*'!:-,+*!!
S(A+.'!98T %&'!.'M''1()A7/'1(02'1!SPS9"!.'*4-)*'!(*!L&<K?E!1'4')1')2!!
S(A+.'!G>T JN'.!'V4.'**(-)!-M!&'402(3!L&<K?E!()1+3'*!SPS9"!*'3.'2(-)!!
0)1!SPS9"7,(F'!*(A)0,()A!()!2&'!40)3.'0*!
S(A+.'!G"T Effect of 3-)1(2(-)'1!/'1(+/!-M!L&<K?EL#!'V4.'**()A!]%!0)1!SPS9"!HJ!!
&'402-3C2'*!-)!;\="!3',,*!
S(A+.'!G9T P,+3-*'!2-,'.0)3'!()!L&<K?EL#!'V4.'**()A!]%!0)1!SPS9"!/(3'!
S(A+.'!GGT L&<K?E!(/4.-N'*!A,+3-*'!2-,'.0)3'!()!0!SPS9"!1'4')1')2!/0))'.!!
S(A+.'!GOT!^'402(3!L&<K?E!-N'.'V4.'**(-)!1(**-3(02'*!*2'02-*(*!M.-/!()*+,()!.'*(*20)3'!
S(A+.'!GQT E&C*(-,-A(30,!.','N0)3'!-M!L&<K?E7/'1(02'1!SPS9"!
S(A+.'!GUT <'A+,02(-)!-M!2&'!"#$%&!4.-/-2'.!:C!L&<K?E!0)1!EE#<Y!
S(A+.'!GRT The L&<K?E!0)1!EE#<Y!3.-**!20,FT!1(.'32!0)1!()1(.'32!/'3&0)(*/*!
% %
! 6!
("=,*%+-%H==#*/."$.+02%
]^%
!gLJJ^!T! L0.:-VC,(3!03(1!A.-+4*!!
"UT>$"6T"7PEL!T! "740,/(2-C,797-,'-C,7*)7A,C3'.-,7G74&-*4&-3&-,()'!!
!
H^%
!#LL!T! #3'2C,73-0!30.:-VC,0*'!!
#LJh"!T! #3C,!3-0!-V(10*'7"!!
#LE!T! #3C,!30..('.!4.-2'()!!
#L%^!T! #1.')-3-.2(3-2.-4(3!&-./-)'!!
#S7"!T! #32(N02()A!M+)32(-)7"!
#H%!T! E.-2'()!F()0*'!?!!
#X%!T! #,0)()'!2.0)*0/()0*'!!
#DEH!T! #DE7032(N02'1!4.-2'()!F()0*'!!
#)A42,6!T! #)A(-4-('2()7,(F'!4.-2'()!6!!
#=%!T! #*40.202'!0/()-2.0)*M'.0*'!!
#%SO!T! #32(N02()A!2.0)*3.(42(-)!M032-.!O!!
#%P!T! %.0)*3.(42(-)0,!*20.2!*(A&2!!
#%PX!T! #1(4-*'!2.(A,C3'.(1'!,(40*'!!
#%E!T! #1')-*()'!2.(4&-*4&02'%!
!
DIA^%
!?D;!T! ?-1C!/0**!()1'V!!
3#DE!T! LC3,(3!#DE!!
L&;E!T! L&.-/02()!(//+)-4.'3(4(202(-)!!
! 8!
L^JE!T! LL##%!')&0)3'.!:()1()A!4.-2'()!&-/-,-A-+*!4.-2'()!!
L&-<K!T! L0.:-&C1.02'!.'*4-)*'!','/')2!!
L&<K?E!T! L0.:-&C1.02'!.'*4-)*(N'!','/')2!:()1()A!4.-2'()!!
L\=!T! L')2.0,!)'.N-+*!*C*2'/!!
LJ[E7%S;;!T! L&(3F')!-N0,:+/()!+4*2.'0/!4.-/-2'.!2.0)*3.(42(-)!M032-.!;;!!
LE%7"!T! L0.)(2()'!03C,!2.0)*M'.0*'!;!!
LE%7;;!T! L0.)(2()'!03C,!2.0)*M'.0*'!;;!
L<K?!T! L0/47.'*4-)*'!','/')2!:()1()A!4.-2'()!
L<K?^!T! L0/47.'*4-)*(N'!','/')2!:()1()A!4.-2'()!
L<^!T! L-.2(3-2.-4()7.','0*()A!&-./-)'!!
L<%L9!T! L<K?7.'A+,02'1!2.0)*3.(42(-)!3-!032(N02-.!9!!
!
[IC^%
!I?I!T! I\#7:()1()A!L!1-/0()!
K,-N,!T! K,-)A02(-)!-M!,-)A73&0()!M022C!03(1*!!
K<!T! K)1-4,0*/(3!.'2(3+,+/!!
K<H!T! KV2.03',,+,0.!*(A)0,7.'A+,02'1!F()0*'!
!
P^%
!S#?E!T!! !!!!!!!S022C!03(17:()1()A!4.-2'()!
S#I!T! S,0N()!01')()'!1()+3,'-2(1'!
S#=!T! S022C!03(1!*C)2&0*'!!
S02!T! S022C!03(1!2.0)*,-30*'!!
S024!T! S022C!03(1!2.0)*4-.2!4.-2'()!!
SS#!T! S.''!M022C!03(1*!!
SPS!T! S(:.-:,0*2!A.-B2&!M032-.!
! ">!
SPS9"!T! S(:.-:,0*2!A.-B2&!M032-.!9"!!
SPS<!T! SPS!.'3'42-.*!!
S-VJ"!T! S-.F&'01!J!:-V!"!
S<=9!T! SPS!.'3'42-.!*+:*2.02'!9!!
S=E!T! S.+32-*'!U74&-*4&02'!!
Sh<!T! S0.)'*-(1!V!.'3'42-.!!
!
Q^%
!PGE!T! P,C3'.-,7G74&-*4&02'!!
PUE!T! P,+3-*'7U74&-*4&02'!!
PUE0*'!T! P,+3-*'7U74&-*4&-20*'!!
PIS7"Q!T! P.-B2&!1(MM'.')2(02(-)!M032-.7"Q!!
PIE!T! P+0)-*()'!1(4&-*4&02'!!
P^!T! P.-B2&!&-./-)'!!
PH!T! P,+3-F()0*'!
PH<E!T! P,+3-F()0*'!.'A+,02-.C!4.-2'()!!
PX[%!T! P,+3-*'!2.0)*4-.2'.!!
P<#LK!T! P,+3-*'!.'*4-)*'!3-)*'.N'1!','/')2!!
P.:"O!T! P.-B2&!M032-.!.'3'42-.!:-+)1!4.-2'()!"O!!
P.:9!T! P.-B2&!M032-.!.'3'42-.7:-+)1!4.-2'()!9!!
P%E!T! P+0)-*()'!2.(4&-*4&02'!!
!
X^%
!^#%!T! ^(*2-)'!03'2C,2.0)*M'.0*'!!
^LL!T! ^'402-3',,+,0.!30.3()-/0!!
^I#LG!T! ^(*2-)'!1'03'2C,0*'!G!!
! ""!
!
^IX!T! ^(A&71')*(2C!,(4-4.-2'()*!!
^SI!T! ^(A&!M02!1('2!!
^DP7L-#!T! G7&C1.-VC7G7/'2&C,A,+20.C,73-0!!
^/A3*9!T! G7&C1.-VC7G7/'2&C,A,+20.C,73-0!*C)2&0*'!9!
^\SO!T! ^'402-3C2'!)+3,'0.!M032-.!O!!
^\SOY!T! ^'402-3C2'!)+3,'0.!M032-.!O!Y!!
^\SU!T! ^'402(3!)+3,'0.!M032-.!U!!
^JD#7;<!T! ^-/'-*20*(*!/-1',!0**'**/')2!-M!()*+,()!.'*(*20)3'!
^=X!T! ^-./-)'!*')*(2(N'!,(40*'!!
%
8^%
!;PS7"!T! ;)*+,()7,(F'!A.-B2&!M032-.!!
;X7"'!(! ;)2'.,'+F()7"'!!
;X7U!T! ;)2'.,'+F()7U!!
;<=!T! ;)*+,()!.'3'42-.!*+:*2.02'!!
%
_IJ^%
!b#H!T! b0)+*!F()0*'*!!
b\H!T!
HI0!T!
L7b+)!\72'./()0,!F()0*'*!!
H(,-10,2-)!
!
Y^%
!
X7EH!T! X(N'.74C.+N02'!F()0*'!!
X?I!T! X(A0)17:()1()A!K!1-/0()!!
XIX!T! X-B71')*(2C!,(4-4.-2'()*!
X^#!T! X02'.0,!&C4-2&0,0/(3!0.'0!!
! "9!
X;I!T! X-B!A,+3-*'!()&(:(2-.C!1-/0()!!
X;<HJ!T! X(N'.!()*+,()!.'3'42-.!F)-3F-+2!!
XEX!T! X(4-4.-2'()!,(40*'!!
Xh<!T! X(N'.!h!.'3'42-.!!
Xh<Y!T!! X(N'.!h!.'3'42-.!Y!!
XC*!T!
Xh<!.'*4-)*'!','/')2*!!
XC*()'!
!
<^%
!D#EH!T! D(2-A')7032(N02'1!4.-2'()!F()0*'!!
DLI!T! D'2&(-)()'!3&-,()'71'M(3(')2!!
DL<!T! D-)1-!3-)*'.N'1!.'A(-)*!
D,V!T! D0V7,(F'!4.-2'()!h!!
/%J<!T! D'3&0)(*2(3!20.A'2!-M!.040/C3()!!
/%J<L"!T! /2-.!4.-2'()!3-/4,'V!!
D[S#!T! D-)-+)*02+.02'1!M022C!03(1*!!
!
Z^%
!\#I!T! \(3-2()0/(1'!01')()'!1()+3,'-2(1'!!
\#SXI!T! \-)70,3-&-,(3!M022C!,(N'.!1(*'0*'!!
\#=^!T! \-)70,3-&-,(3!*2'02-&'402(2(*!!
\L-<"!T! \+3,'0.!.'3'42-.!3-!.'4.'**-.!
\K=!T! \+3,'0.!'V4-.2!*(A)0,*!!
\X=!T! \+3,'0.!,-30,(_02(-)!*(A)0,!!
!
%
!
Xh<K!
! "G!
UI!^%
!
JP%!
JP%%!T!
J7A,3)03!2.0)*M'.0*'!
J.0,!A,+3-*'!2-,'.0)3'!2'*2!!
E"GH!T! E&-*4&02(1C,7G7F()0*'!
EL!T! EC.+N02'!30.:-VC,0*'!!
EIH;!T! EC.+N02'!1'&C1.-A')0*'!F()0*'!"!
EKE!T! E&-*4&-')-,4C.+N02'!
EKELH!T! E&-*4&-')-,4C.+N02'!30.:-VCF()0*'!!
ESH!T! E&-*4&-M.+32-F()0*'7"!!
EPL7"Y!T! E'.-V(*-/'!4.-,(M'.02-.7032(N02'1!.'3'42-.!A0//0!3-!032(N02-.!"7!Y!!
E;E9!T! E&-*4&02(1C,()-*(2-,!OZQ7:(*4&-*4&02'!!
E;EG!T! E&-*4&02(1C,()-*(2-,!`GZOZQa72.(*4&-*4&02'!!
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Physiological regulation of hepatic glucose and lipid metabolism Figure 1:  
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Figure 1: (A) During fasting secretion of glucagon from pancreatic !-cells stimulates glycogenolysis and 
gluconeogenesis for the production of glucose primarily for the brain. Free fatty acids liberated from 
adipose tissue promote !-oxidation and ketogensis of hepatic lipid stores to provide energy for peripheral 
tissue. (B) Following a meal glucose absorbed by the gut stimulates the release of insulin from pancreatic 
!-cells insulin and uptake of glucose by the liver. Glucose is converted into glycogen and lipids. Lipids 
packaged as very low density lipoproteins (VLDL) are shuttled to the adipose tissue for storage.   
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The major insulin signaling pathways Figure 2:  
Figure 2: Insulin binding to the its receptor activates auto phosphorylation of the tyrosine subunits and recruitment 
of scaffolding proteins which propagates the insulin signaling pathway leading to activation of ERK and Akt. 
Downstream of these pathways insulin signaling is able to induce cell growth, inhibit gluconeogenesis and 
promote lipogenesis. Gab14 block the insulin receptor catalytic activity and prevent activation of Akt.  
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Hepatic glycolysis Figure 3: 
Figure 3: Glycolysis is the process of converting glucose to ATP for cellular energy. The process includes three 
major phases for the breakdown of 6-carbon glucose to 3-carbon pyruvate followed by the production of acetyl-
CoA. Acetyl-CoA is then able to enter the Krebs cycle for the production of ATP and NADH. Excess acetyl-CoA 
can also inter lipogenesis for the production of fatty acids and TAG.  
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Hepatic gluconeogenesis Figure 4:  
Figure 4: Gluconeogenesis by the liver is an essential source of energy for the brain and other peripheral tissues 
during fasting. The pathway is set in motion by glucagon released from the pancreatic !-cells and also by 
increasing acetyl-CoA and citrate concentrations within the hepatocyte. Gluconeogenesis is regulated by the 
availability of rate limiting enzymes PEPCK for the second step in the conversion of pyruvate to 
phosphoenolpyruvate and the phosphate cleaving enzyme G6Pase, allowing glucose to be transported out of the 
hepatocyte and into the blood stream.  
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Structure and nomenclature of fatty acids Figure 5:   
Figure 5: The fatty acids are aliphatic hydrocarbon chains having a carboxylic acid function at the carbon atom  
(C) n°1. The C atoms which are located after the acid function are called a, b, ... and ! for the carbon of the 
methyl terminal function. Four families of fatty acids are defined by the number of carbons, short chain, medium 
chain, long chain and very long chain fatty acids. Likewise, depending on the number of double bonds, they are 
further divided as saturated, monounsaturated and polyunsaturated fatty acids. Finally, the number of C atoms 
separating the C" from the first double bond makes it breaks the unsaturated fatty acids into 3 families with 
distinct functions, " 3 " 6 " 9 fatty acids.  
Length of carbon chain 
Short chain fatty acids n(C)<8  
Medium chain fatty acids, 8 <n(C)<12 
Long chain fatty acids, 12 <n(C)<20 
Very long chain fatty acids, n(C)>20  
Saturated fatty acids 
 (0 double bonds) 
Monounsaturated fatty acids 
(1 double bond) 
Polyunsaturated fatty acids 
(>1 double bond) 
 Unsaturated " 3  Unsaturated " 6  Unsaturated " 9 
CH3 
CH2 
CH2 C 
O 
OH 
Cis-double bond 
1 3 
2 
a 
# $ 
Number of double bonds 
N the number of carbons that separate the first double bond from C" 
! G>!
[)*02+.02'1! M022C! 03(1*! 0.'! 0,*-! 3,0**(M('1! :C! 2&'! ,-302(-)! -M! 2&'(.! M(.*2! 1-+:,'! :-)1!
,-302'1!-)!2&'!GZ!U!-.!82&!30.:-)!3,-*'*2!2-!2&'!2'./()0,!')1!30.:-)!`-/'A0!30.:-)a!-M!2&'!M022C!
03(1!3&0()!(5'5! M+.2&'*2!M.-/!2&'!30.:-VC,(3!A.-+45!%&(*!0,,-B*!M-.!2&'!3,0**(M(302(-)!-M! M022C!03(1!
M0/(,('*!0*!-/'A0!GZ!UZ!-.!85!!
!
I79$!S022C!03(1!2.0)*4-.2!!
!
S022C!03(1*!0.'!2.0)*4-.2'1!()!2&'!M-./!-M!%#PZ!0!G730.:-)!A,C3'.-,!:03F:-)'!B(2&!2&.''!
SS#!20(,*5!%&'!/-,'3+,'*!0.'!:-+)1!2-A'2&'.!:C!'*2'.!:-)1*!:'2B'')!2&'!A,C3'.-,r*!-VCA')!0)1!
2&'! M022C! 03(1! 03C,! A.-+4*5! ?'30+*'! -M! 2&'(.! &C1.-4&-:(3! )02+.'! %#P! A.-+4*! 2-A'2&'.! 2-! M-./!
M022C! 1.-4,'2*!B(2&()! 2&'! ,+/')!-M! 2&'! */0,,! ()2'*2()'5! ?(,'! *'3.'2'1! M.-/! 2&'! ,(N'.!B-.F*! 0*! 0!
1'2'.A')2!2-!'/+,*(MC!2&'!M022C!1.-4,'2*!0,,-B()A!033'**!-M!,(40*'5!X(40*'!3,'0N'*!2&'!'*2'.!:-+)1!
:C! 011()A! 0!B02'.Z! *'40.02()A! A,C3'.-,! M.-/! 2&'! 2&.''! M022C! 03(1*5! %&'! SS#r*! 0.'! 2&')! 0:,'! 2-!
1(MM+*'!03.-**!2&'!*/0,,!()2'*2()'5!!
!
J)3'!0:*-.:'1!()2-!2&'!,+/')!SS#!/+*2!:'!.'7'*2'.(M('1!:03F!2-!%#P5!%&'C!0.'!403F0A'1!
()*(1'! ,(4-74.-2'()*! 30,,'1! 3&C,-/(3.-)*! 2&02!&0N'!-+2'.!&C1.-4&(,(3! .()A!0)1! ())'.!%#P!3-.'*!
0,,-B()A! %#P! 2-! ')2'.! ()2-! 2&'! ,0.A'! ,032'0,*! -M! 2&'! ,C/4&02(3! *C*2'/5! %--! ,0.A'! 2-! ')2'.! 2&'!
:,--1! *2.'0/!1(.'32,C! 2&.-+A&! 304(,,0.C!:'1*Z! 3&C,-/(3.-)*!+*'! 2&'! ,C/4&02(3! *C*2'/! 2-! ')2'.!
,0.A'!:,--1!N'**',*!0)1! 2&')!304(,,0.C!:'1*5!%-!:'3-/'!*/0,,! ')-+A&! 2-!'*304'! 2&'! 304(,,0.('*!
0)1!/-N'!()2-!2(**+'*Z!3&C,-/(3.-)*!+)1'.A-!1',(4(102(-)!:C!,(4-4.-2'()!,(40*'!`XEXaZ!032(N02'1!
:C!()*+,()Z!2-!M-./!3&C,-/(3.-)!.'/)0)25!X(F'!()!2&'!,+/')!-M!2&'!()2'*2()'Z!XEX!3,'0N'*!2&'!'*2'.!
A.-+4!:C!&C1.-,C*(*!-M!%#P!,(:'.02()A!2&'!A,C3'.-,!0)1!M022C!03(1*5!#,/-*2!0,,!4'.(4&'.0,!2(**+'*!
'V3'42!2&'!:.0()!0)1!.'1!:,--1!3',,*!30)!20F'!+4!SS#!M-.!')'.AC5!!
! G"!
!
%&'!,(N'.!(*!0,*-!0)!(/4-.20)2!*(2'!-M!SS#!+420F'!0)1!*2-.0A'5!L&C,-/(3.-)!.'/)0)2*!)-2!
+*'1!:C!4'.(4&'.0,!2(**+'*!0.'!20F')!+4!0)1!403F0A'1!0*!%#P!()!jXIX5!%&'!,(N'.!(*!0,*-!0:,'!2-!
20F'! M.-/! 2&'! :,--1! &(A&71')*(2C! ,(4-4.-2'()*! `^IXa! 0)1! ,-B71')*(2C! ,(4-4.-2'()*! `XIXa5!
;/4-.20)2,CZ! 2&'! ,(N'.! (*! 0,*-! 0:,'! 2-! *C)2&'*(_'! (2*! -B)! M022C! 03(1*! M.-/! A,+3-*'! N(0! 12! 3)4)!
,(4-A')'*(*!M.-/!2&'!A,C3'.-,!:03F:-)'5!!
!
I7G$!S022C!03(1!*C)2&'*(*!M.-/!A,+3-*'!T!%&'!,(4-A')(3!402&B0C!
!
%&'! .-,'! -M! &'402(3! ,(4-A')'*(*! (*! 2-! 3-)N'.2! 'V3'**! A,+3-*'! ()2-! M022C! 03(1*5! EC.+N02'!
A')'.02'1! 2&.-+A&! A,C3-,C*(*! ')2'.*! 2&'! /(2-3&-)1.(0,! /02.(V! 2-! :'A()! 2&'! 2.(30.:-VC,(3! 03(1!
`%L#a! 3C3,'! -.! :'! +*'1! 2-! A')'.02'! 03'2C,7L-#Z! 2&'! :+(,1()A! :,-3F*! -M! M022C! 03(1*5! ;)! 2&'!
/(2-3&-)1.(0,!/02.(V!4C.+N02'!M(.*2!+)1'.A-'*!1'30.:-VC,02(-)Z!:C!*)(44()A!-M!0!30.:-VC,!A.-+4Z!
,'0N()A! 0! 2B-730.:-)! /-,'3+,'! 0)1! .','0*()A! 30.:-)! 1(-V(1'Z! :C! 2&'! ')_C/'! 4C.+N02'!
1'30.:-VC,0*'5!%&'!2B-730.:-)!/-,'3+,'! (*!2&')!-V(1(_'1!3-)N'.2()A!\#Io!2-!\#I^5!%&'!2B-7
30.:-)!/-,'3+,'!(*!30,,'1!0)!03'2C,!A.-+45!#!L-#!(*!2&')!011'1!B(2&!2&'!&',4!-M!#%E!2-!4.-1+3'!
03'2C,7L-#!`S(A+.'!Ua5!
!
I7G7"$#3'2C,7L-#!2.0)*4-.2!!
!
=C)2&'*(*! -M! SS#! 20F'*! 4,03'! ()! 2&'! 3',,+,0.! 3C2-*-,! .'f+(.()A! 2&'! 2.0)*4-.2! -M! 2&'!
A')'.02'1! 03'2C,! L-#*! M.-/! 2&'! /(2-3&-)1.(0,! /02.(V! 2-! 2&'! 3C2-*-,5! %&'! ')_C/'! 3(2.02'!
*C)2&0*'! M.-/! 2&'! %L#! 3C3,'! ,()F*! 2B-! 03'2C,7L-#r*Z! .'/-N()A! 2&'! L-#5! L(2.02'! (*! 2&')! M.''! 2-!
/-N'!03.-**!2&'!/(2-3&-)1.(0,!/'/:.0)'!()2-!2&'!3C2-*-,5!J)3'!()!2&'!3C2-*-,!2&'!')_C/'!#%E!
! G9!
3(2.02'! ,C0*'! 3,'0N'*!9! 30.:-)*!-MM! 3(2.02'! A')'.02()A! 0! M-+.730.:-)!/-,'3+,'! 2&02! (*! 3-)N'.2'1!
:03F!2-!4C.+N02'!A')'.02()A!0!\#IE^!0)1!0!M.''!03'2C,7L-#5!\#IE^!A')'.02'1!M.-/!03'2C,7L-#!
2.0)*4-.2!0)1!2&'!4')2-*'!4&-*4&02'!402&B0C!B(,,!:'!2&'!','32.-)!1-)-.!M-.!2&'!:(-*C)2&'*(*!-M!
,(4(1*5!!
!
I7G79$!#3'2C,7L-#!30.:-VC,0*'%%
!
%&'! M(.*2! 3-//(22'1! *2'4! ()! 2&'! :+(,1()A! -M! M022C! 03(1*! (*! 30.:-VC,02()A! 03'2C,7L-#! 2-! 0!
2&.''730.:-)! /0,-)C,7L-#! `?.-B)*'C! '2! 0,5Z! 9>>Ua5! %&(*! *2'4! (*! 3020,C_'1! :C! 03'2C,7L-#!
30.:-VC,0*'!`#LLa!0)1!.'f+(.'*!#%E5!%&'!L-#!-)!:-2&!03'2C,!0)1!/0,-)C,!/+*2!2&')!:'!.'4,03'1!
:C!03C,! 30..('.!4.-2'()! `#LEa5!D0,-)C,7L-#!B(,,!:'!+*'1!0*! 2&'! 2B-730.:-)!1-)-.! .'f+(.'1! M-.!
:+(,1()A!2&'!30.:-)!3&0()!-M!2&'!M022C!03(15!!
%
I7G7G$!%&'!M022C!03(1!*C)2&0*'!3-/4,'V%%
!
S022C!03(1!*C)2&0*'!`S#=a!(*!0!,0.A'!0!9>>!FI0!`F(,-10,2-)a!3-/4,'V!2&02!3-)*(*2*!-M!2&.''!
')_C/02(3!1-/0()*5!%&'!S#=!3-/4,'V!1(/'.(*'*!0)1!(*!0:,'!2-!*C)2&'*(_'!+4!2-!"U730.:-)!,-)A!
*02+.02'1! M022C! 03(1*!:C! 2.0)*4-.2()A! 2&'! M022C! 03(1! 0.-+)1! (2*! ')_C/02(3!1-/0()*Z! 011()A! 2B-!
30.:-)*! M-.! '03&! .-202(-)! -M! +4! 2-! R! .-202(-)*! `b')*')7[.*201! 0)1! ='/')F-N(3&Z! 9>"9a5! K03&!
.-202(-)!.'f+(.'*!9!\#IE^!()!011(2(-)!2-!-)'!03'2C,7#LE!0)1!-)'!30.:-)!1-)02()A!/0,-)C,7#LE5!
%&'!03'2C,7/0,-)C,!02203&'*!2-!0!*4'3(0,(_'1!1-/0()!-M!2&'!S#=!3-/4,'V!30,,'1!2&'!#LE5!%&'!#LE!
B-.F*!0*!2&'!2.0)*4-.2'.!/-N()A!2&'!M022C!03(1!0,-)A!2-!'03&!1-/0()!-M!2&'!S#=!3-/4,'V!`L-,,(!'2!
0,5Z!"8U8m!]0F(,Z!"868a5!!
!
The lipogenic pathway Figure 6:  
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Figure 6: Lipogenesis provides for storage of excess acetyl-CoA generated from glycolysis and provides important 
signaling molecules for cell structure and survival. Insulin and glucose signaling lead to the upregulation of 
lipogenic enzymes for the elongation and desaturation of fatty acids. Build up of malonyl-CoA negatively 
regulates the lipogenic pathway by blocking the CPT-1 enzyme which transports acetyl-CoA into the mitochondria 
and Krebs cycle. FFA generated from lipogenesis are stored in lipid droplets as TAG or exported into the blood 
stream in lipoproteins including VLDL or HDL.  
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Fatty Acid !-Oxidation Figure 7:  
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Figure 7: !-oxidation is the process of harvesting acetyl-CoA from stored lipid for gluconeogenesis. !-oxidation of 
short and medium chain fatty acids takes place within the mitochondrial matrix. Long chain fatty acids !-oxidation 
begins in cellular organelles called peroxisomes. Once long chain fatty acids are reduced to medium chain fatty 
acids they are transported to the mitochondria to complete !-oxidation. The breakdown of fatty acid is a four step 
process, (1) first oxidation, (2) hydration, (3) second oxidation and (4) cleavage  
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Ketone body synthesis Figure 8:  
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Figure 8: Under starvation, production of ketone bodies is turned on in hepatocyte mitochondria. In the 
ketogenesis process, 3 ketone derivatives of acetyl-CoA groups are made; acetoacetate, acetone, and !-
hydroxybutyrate. Once produced the acetyl-CoA  loaded ketones are sent to the brain for energy. 
Enzymes are displayed on the left (except for !-hydroxybutyrate dehydrogenase) and substrate names on 
the right.  
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Figure 10:   
Figure 10: (A) In a normal situation, the increase in blood glucose following food intake 
allows the stimulation of insulin secretion by !-cells of the endocrine pancreas. This 
hormone acts on its target tissues by stimulating the entry of glucose into the cells 
including the adipose tissue and the muscle and by inhibiting the lipolysis of the TAG 
white adipose tissue. It also promotes the use and storage of glucose in the form of 
glycogen or TAG (lipogenesis) in the liver, and inhibits hepatic glucose production 
(gluconeogenesis). 
Figure 10: (B) Long-term dietary energy intake preceding energy expenditure, 
overloads glucose storage pathways causing obesity. Insulin stimulation by the 
pancreas in response to a poorly controlled diet eventually leads to 
hyperinsulinemiaand insulin resistance in target tissues. Lipolysis in adipose 
tissue is no longer inhibited. The increase in circulating lipid concentrations 
associated with increased lipogenesis leads to ectopic accumulation of TAG in 
the liver, causing hepatic steatosis, which contributes to hepatic insulin 
resistance. Hepatic insulin resistance inhibits the down regulation of hepatic 
glucose output  worsening  hyperglycemia, until the pancreas can no longer 
compensate by modulating insulinemia leading to complications and death.  
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Figure 11: Inflammation and activated cytokines can induce insulin resistance, especially by acting on IRS-1 and 2. 
Inhibition of IRS-2 blocks Akt from suppressing Foxo1 resulting in up regulation of gluconeogenic genes. 
However a combination ER stress and mTORC1 activity induces SREBP-1c promoting the lipogenic program.  
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Figure 12: The disease spectrum of NAFLD. (A) Schematic of progression of NAFLD. The accumulation 
of TAG within lipid droplets in hepatocytes causes steatosis. Steatosis associated with inflammation, cell 
death, and fibrosis is referred to as NASH, which can progress to cirrhosis. Individuals with cirrhosis 
have an increased risk of hepatocellular carcinoma. (B) Histological sections illustrating normal liver, 
steatosis, NASH, and cirrhosis. Collagen fibers are stained blue with Masson’s trichrome stain. The 
portal triad (PT), which consists of the hepatic artery, portal vein, and bile duct, and the central vein (CV) 
are shown. Adapted from Cohen et al. 2011 Science 
Figure 12:   The histological progression of NAFLD 
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Figure 13:   The development of hepatic steatosis and the “two hit” hypothesis 
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Figure 13: Progression of hepatic steatosis to NASH can be explained by the so called “two hit” 
hypothesis (1) Increased plasma FA from the diet and lipolysis of adipose tissue as well as increased 
synthesis of de novo fatty acids leads to increased concentrations of TAG in liver. (2) Over production of 
toxic lipids causes hepatic injuries through oxidative stress, mitochondrial dysfunction, and the release of 
pro-inflammatory cytokines. Adapted from Giorgio et al. 2013 BMC Pediatr. 
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Figure 14: In response to hepatic inflammation and insulin resistance the liver releases proteins into the 
blood stream called hepatokines that are attractive targets for the development of novel type 2 diabetes 
treatments. Fetuin-A, GDF-15, ANGPTL8 and FGF21 are examples of metabolic relevant hepatokines.  
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Structure of the ChREBP! and ChREBP" proteins Figure 15:  
 
Figure 15: (A) ChREBP! protein structure. ChREBP! is a 864 amino acids in length and contains several domains 
including a nuclear localization signal (NLS), two nuclear export signals (NES1 and NES2) near the N terminus, 
polyproline domains, a bHLH/LZ domain, and a leucine-zipper-like (Zip-like) domain. ChREBP contains at least 
three phosphorylation target sites for PKA (ser196, ser626, and thr666). Structure/function analysis identified a 
glucose-sensing module (GSM), evolutionally conserved in Mondo proteins, which contains a low-glucose 
inhibitory domain, denoted LID, and a glucose-response conserved element, denoted GRACE. LID is able to 
inhibit the ChREBP transactivation activity conferred by GRACE, and this inhibition is lifted under high glucose 
conditions. (B) ChREBP" protein structure. Although translation from the start-site in exon 1 a produces the full-
length protein (ChREBP-!), translation initiating at the next start-site located in exon 4 produces a shorter protein 
of 687 amino acids (ChREBP"). The ChREBP" protein is missing the first 177 amino acids. Adapted from 
Filhoulaud et al, Trends 2013 
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Post-translational regulation of ChREBP in response to glucose Figure 16:    
Hepatocyte 
Figure 16: Key metabolites, including G6P or Xu-5P may regulate activation of ChREBP activity in response to 
glucose. Under high glucose concentrations, G6P or other metabolites may bind a specific recognition motif 
causing an allosteric conformational change leading to ChREBP activation. Within the nucleus, ChREBP 
undergoes two important post-translational modifications: acetylation throught HAT coactivator activity of CBP/
p300 and O-GlcNAcylation through O-GlcNAc transferase (OGT) activity, that both contribute to enhanced 
ChREBP transcriptional activity and DNA binding to ChoRE motifs present on glycolytic (L-pk) and lipogenic 
(Acc, Fas, Scd1, Elovl6) target genes. Adapted from Filhoulaud et al, Trends 2013 
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Figure 17: The isoform ChREBP! is activated by glucose or glucose metabolites. Once ChREBP! 
translocates to the nucleus its binds to its ChoRE region. Herman et al. 2012 suggested that ChREBPa is 
able to induce translation of the more potent ChREBP! isoform through direct binding of the ChoRE 
located near the exon 1b.   Adapted from Herman et al. 2012 Nature  
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Figure 18: ChREBP transcription and activity is up regulated in response to feeding signals to promote energy 
storage. Regulated by glucose metabolites, ChREBP is also stimulated at the transcription level by the transcription 
factors LXR!, TR"  and SREBP-1c.  To induce transcription of its target genes, ChREBP forms a dimer complex 
with CBP/p300 and its binding partner Mlx and binds to the ChoRE region. This complex then attaches to the 
HNF4!/FXR complex on the DR1 region of the Lpk promoter driving transcription.    
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Figure 19: ChREBP activity is turned off during fasting to prevent storage of lipids and glucose.  The receptor 
FXR is able to recruit the co-repressor SMRT which causes release of CBP/p300.  When CBP/p300 is removed the 
binding complex between HNF4!  and ChREBP is released, inhibiting ChREBP activity.  In addition, the repressor 
transcription factor COUP-TFII is then able to bind to the DR1 binding region preventing ChREBP’s access to its 
target gene promoter. 
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Figure 20:   Regulation of PPAR" in response to fasting 
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Figure 20: PPAR! is stimulated by free fatty acids, liberated from adipose tissue or from the diet, the drug 
fenofibrate and by build up of oxidative stress. Activation of PPAR! and its co activators induces !-oxidation and 
ketogenesic genes. Insulin signaling blocks PPAR! by the MAP-kinase/ERK pathway and through the NCoR1/
HDAC3 recruitment to the TSS of the promoter which prevents the binding of essential transcriptional machinery 
including Pol II.  
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Role of PPAR! in hepatic energy balance Figure 21:   
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Figure 21: (A) PPAR! activation jump starts lipid catabolism for the production of NADH and acetyl-
CoA generating ketone bodies for the use of peripheral tissue energy. Proper storage and turnover of fatty 
acids reduces inflammation and hepatic steatosis and improves insulin sensitivity (B) PPAR! deficient 
mice are hypoglycemic following a fast because they are unable to mobolize lipid stores. This causes a 
build up of fatty acids and markers of oxidative stress measured by an accumulation of NAD+. PPAR! 
knockout mice show also increased inflmmation and inflamatory cytokines including TNF-!. Adapted 
from Rando et al. 2016 elife 
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Physiological roles of FGF21 Figure 22:   
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Figure 22: FGF21 is up regulated by PPAR!, CREBH, FXR, ChREBP, GR and ROR!. Secreted into the 
plasma from the liver, FGF21 can improve glucose homeostasis by acting on the brain, the liver itself, the 
pancreas, the skeletal muscle and adipose tissues (white and brown).   
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FGF21 signaling pathway in adipose tissue Figure 23: 
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Figure 23: The FGF21 receptor FGFR1c has an auto inhibitory domain (AID) and requires interaction 
with a co-receptor, !-klotho. FGF21 binding allows for dimerization with !-klotho and 
autophosphorylation. The FGFR1c/!Klotho initiates phosphorylation of FGF receptor substrate 2 
(FRS2) and subsequent downstream pathways including MAPK/ERK, Akt and mTORC1. Activation of 
these pathway improves insulin sensitivity and positively regulates FGF21 expression in adipocytes. 
The JAK/STAT pathway, important for growth, is down- regulated by FGF21. 
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Figure 24:   The Adiponectin-FGF21 axis 
Figure 24: Adiponectin is a key regulator of whole body energy balance with an important anti-
inflammatory role. In white adipose tissue, PPAR! up regulates adiponectin in response to TZD and 
FGF21 signaling. Adiponectin is able to travel to the liver and induce FGF21 in a PPAR"-dependent 
manner, in turn improving insulin sensitivity, reducing hepatic glucose production and inflammation. 
FGF21 released from the liver positively regulates adiponectin creating a positive feed back loop 
between the white adipose tissue and the liver.  
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FGF21’s analog LY2405319 effect across species Figure 25:  
Figure 25: (A) Results from i) diet-induced obese (DIO) male C57/BL6 mice, ii) male ob/ob mice given 
subcutaneous injections for two weeks of LY2405319 (Kharitonenkov et al., 2013), iii) Methionine and 
choline deficient mice fed LY240531 for 4 weeks (Lee et al. 2016). (B) Results from daily subcutaneous 
injections for a total of 7 weeks to hyperinsulinemic and obese Rhesus monkeys (Adams et a., 2013). (C) 
Results from daily subcutaneous injections for 28 days to obese and type 2 diabetes patients (Gaich et al. 
2013).  
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Structure of the FGF21 mouse promoter Figure 26:  
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Figure 26: The FGF21 mouse promoter has three PPRE. One distal, PPRE3, (-1093 to -1057) and two proximal 
PPRE 2 (-81 to -76) and PPRE 1 (-74 to -69). Overlapping the PPRE1 is a ChoRE region from (-72 to -52). The 
CREB binding site (CRE) overlaps the ChoRE region at (-58 to -54). This region is highly conserved across 
species. An AHR region important for FGF21 inhibition can also be found over lapping the PPRE1 PPRE2 and 
ChoRE region from (-76 to -67). 
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A ChREBP and PPAR! cross-talk is required for the glucose- 
mediated FGF21 response  
Figure 27:  
Figure 27: Fgf21 is up regulated in response to both fasting and feeding signals. In response to carbohydrate 
intake ChREBP is responsible for the direct up regulation of FGF21 by binding to its promoter. However, 
ChREBP-mediated regulation of FGF21 is PPAR! dependent as the the FGF21 response to carbohydrate 
intake is lost in liver specific PPAR! knockout mice.  
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Fwd1 Rev2 Rev1 
Fwd1 Rev2 
b. 
c. ##ABA####ABC#####CBC##
Primer Sequence Position 
Fwd1 CCACCCCTATGGAATGGTTC Arm 5' 
Rev1 GCACCCATTTACCAACTTAGTC floxable zone 
Rev2 TCCCACATCTCTAGGCTCAG Arm 3' 
Supplemental Figure S2.  
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Mouse Genes   Sequences for ChIP T fusion °C 
ChoRE Fgf21 forward TAGCCCTTTTCATTCAGCCCCT 60 
reverse CTCTGTGTTGAACTCCCAGCTGA  
ChoRE L-pk forward GTCCCACACTTTGGAAGCAT 60 
reverse CCCAACACTGATTCTACCC 
Supplementary Table 1. Primers for ChIP analysis by qRT-PCR.  
Reltaed to Figure 7 and Supplemental figure 1.  
Supplementary Table 2!. Primers for mouse mRNA analysis by qPCR. 
Related to Figure 2-7 and Supplemental Figure 1 and 3.    
Mouse Genes ! Sequences for qPCR T fusion °C
ChREBP forward AATGGGATGGTGTCTACCGC 58reverse GGCGAAGGGAATTCAGGACA
ChREBP ! forward TCTGCAGATCGCGTGGAG 58reverse CT GTCCCGGCATAGCAAC
L-pk forward CTTGCTCTACCGTGAGCCTC 58reverse ACCACAATCACCAGATCACC
Scd1 forward CCGGAGACCCCTTAGATCGA 58reverse TAGCCTGTAAAAGATTTCTGCAAA
Fgf21 forward   TACAATGTGTACCAGTCTGAAG 58reverse ACAGCCCTAGATTCAGGA
Acox1 forward CCGCCTATGCCTTCCACTTTC 60reverse CAAGCCATCCGACATTCTTCG
TBP forward CCCCACAACTCTTCCATTCT 58reverse GCAGGAGTGATAGGGGTCAT
Human Genes   Sequences for qPCR T fusion °C 
ChREBP 
forward CCA GCC TCA AGG TGA GCA AA 58 
reverse CAC GCT CCT GCT GTA GCA 
ChREBP ! forward AGCGGATTCCAGGTGAGG 58 reverse TTGTTCAGGCGGATCTTGTC 
L-pk 
forward TGGGCCTCATGCCTCTGACA 58 reverse TCCTGGGTCAGTTGGGCCAC 
Fgf21 
forward GGATTCGGACTGGTAAACAT 58 reverse GGGAGTCAAGACATCCAGGT 
Acox1 
forward GTGGGCTTGGAAAGACTTCA 58 reverse CCGATGTCACCAACGGTAAT 
18S 
forward CCATCCAATCGGTAGTAGCG 58 reverse GTAACCCGTTGAACCCCATT 
Supplementary Table 3!. Primers for human mRNA analysis by qRT-PCR.  
Related to Supplemental Figure 3.   
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FGF21 is elevated in mouse plasma following an oral glucose bolus  Figure 28:  
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Figure 28: (a) Blood glucose of wild type mice administered a 20% glucose solution orally 3 times in fifteen 
minute intervals. (b-e) Liver gene expression determined by RT-qPCR 15, 45, 60 or 120 minutes after second 
glucose gavage.  Time zero mice where not submitted to oral gavage. (f) FGF21 in plasma quantified by 
ELISA after the second glucose gavage.  (g) Western blot of whole liver homogenates (40µg/ul) n=4. 2-way 
ANOVA followed by Dunnett’s multiple comparisons Means + s.e.m plotted, p!0.05 (*), p!0.01 (**) (n=4) 
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The refeeding-mediated FGF21 response is ChREBP dependent  Figure 29:  
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Figure 29: (a) Blood glucose at time of sacrifice. (b-e) Liver gene expression determined by RT-qPCR 
normalized using a housekeeping gene (cyclophilin). (f) Plasma collected at tissue harvest and quantified for 
FGF21 by ELISA. (g) Western blot of whole liver lysates collected at time of tissue harvest controlled by !-
actin. Means + s.e.m plotted p"0.05 (*) p"0.01 (**) p" 0.001 (***) (n=5) Adenoviral injection 3x109 pfu/
mouse 
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Over expression of ChREBP in liver induces FGF21 secretion and  
FGF21-like signaling in the pancreas 
Figure 30:  
Figure 30: (a-c) Liver gene expression determined by RT-qPCR normalized using a housekeeping gene 
(cyclophilin). (d) Plasma collected at tissue harvest and quantified for FGF21 by ELISA.  (e) Western blot of 
whole pancreas lysates collected at time of tissue harvest (fed) and analyzed for FGF21 like signaling. Mann-
Whitney test, means + s.e.m plotted p!0.01 (**) p! 0.001 (***)(n=4) Adenoviral injection 3x109 pfu/mouse. 
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Figure 31: (a-d) Gene expression determined by RT-qPCR of hepatocytes from WT or FGF21-/- mice 
infected 6h after seeding by control (GFP) or ChREBPCA containing adenovirus. Medium was changed 24 h 
after transfection and cells collected following a 24 h resting period with 5mM glucose M199 medium. (e) 
Medium collected following 24 h glucose challenge of transfected cells and quantified by ELISA.  (f) 
Western blot of INS1 cells incubated for 10 minutes with medium of hepatocytes stimulates by GFP or 
ChREBPCA (3x109 pfu) for FGF21 like-signaling. (g) Quantification of Akt and ERK phosporylation over 
total Akt and total ERK protein content. Analysis conducted using image J software. ANOVA followed by 
Bonferroni post test Means + s.e.m plotted, p!0.05 (*), p!0.01 (**) (n=4) 
Figure 31:  
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Figure 32: (a-e) Liver gene expression determined by RT-qPCR normalized using a housekeeping gene. (f) 
Plasma collected at tissue harvest and quantified for FGF21 by ELISA. (g) Plasma collected at tissue harvest 
and quantified for adiponectin by ELISA. (h) Oral Glucose Tolerance Test (OGTT, 2g/kg glucose) of male 
mice performed in GFP or ChREBP (3x109 pfu/mouse) expressing mice 4 days after adenoviral gene transfer. 
Blood glucose levels were measured by tail tip bleed at 15, 30, 60, 90 and 120 minutes post glucose gavage. 
Means + s.e.m plotted p!0.05 (*) p!0.01 (**) p! 0.001 (***) (n=5) 
Glucose tolerance in WT and FGF21-/- mice expressing ChREBPCA Figure 32:  
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ChREBP improves glucose tolerance in a FGF21 dependent manner  Figure 33:  
Figure 33: In response to glucose or hepatic ChREBP over expression FGF21 is secreted from 
the liver after direct binding of ChREBP to the fgf21 promoter of. Proteins secreted from 
ChREBP-expressing hepatocytes are able to induce signaling of key !-cell survival pathways. 
This signaling effect seems, in part, dependent on FGF21.  
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Figure 34: ChREBP overexpression in liver stimulates lipogenic genes, including SCD1, and leads to hepatic 
steatosis onset. ChREBP-mediated steatosis is however dissociated from insulin resistance due, in part, to a 
modification in fatty acid composition (a shift to the SFA to MUFA balance). Interestingly, a parallel increase 
in FGF21 expression and concentrations are also observed in response to ChREBP overexpression. The 
contribution of FGF21 to the protection of insulin resistance was not addresssed in the study by Behamed et 
al. JCI 2012. 
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Physiological relevance of ChREBP-mediated FGF21 Figure 35:  
Figure 35: FGF21 is induced in response to sweet intake and ethanol intake in a ChREBP dependent manner 
by binding to the ChoRE of the FGF21 promoter. Hepatic FGF21 in circulation has been shown to improve !-
cell health and reduce inflammation. The absence of FGF21 in liver aggravates inflammation and fibrosis.  
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Figure 36 : Binding of PPAR! ligands allows for recruitment of coactivator PGC1-! and HAT proteins 
p300/CBP during fasting and blocks corepressor NCoR1 and recruitment of HDAC3. Glucose-
mediated Fgf21 expression requires both ChREBP and PPAR!. During glucose challenge PPAR!  may 
be necessary to block HDAC3 recruitment to the Ffg21 promoter, however, the signal and mechanism 
in which PPAR! would block the recruitment of corepressors has to date not been explored. 
Figure 36:  Regulation of the Fgf21 promoter by ChREBP and PPAR! 
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The ChREBP and PPAR! cross talk: direct and indirect mechanisms Figure 37:  
? 
Figure 37: The proposed cross-talk between ChREBP and PPAR! may be due to both direct and indirect 
mechanisms. During periods of over-nutrition, ChREBP dependent lipogenesis in the liver may produce 
specific lipid species that are sent to the white adipose tissue for storage. During fasting these lipid species are 
liberated and impact PPAR! activity in the liver despite little ChREBP activity. Directly, on the Fgf21 
promoter, ChREBP and PPAR! have an overlapping binding region and both transcription factors may 
interact for induction of FGF21.  
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Abstract In the face of urbanisation, surplus energy intake,
sedentary habits and obesity, type 2 diabetes has developed
into amajor health concern worldwide. Commonly overlooked
in contemporary obesity research, the liver is emerging as a
central regulator of whole body energy homeostasis. Liver-
derived proteins known as hepatokines are now considered
attractive targets for the development of novel type 2 diabetes
treatments. This commentary presents examples of three lead-
ing hepatokines: fetuin-A, the first to be described and corre-
lated with increased inflammation and insulin resistance;
angiopoietin-like protein (ANGPTL)8/betatrophin, initially
proposed for its action on beta cell proliferation, although this
effect has recently been brought into question; and fibroblast
growth factor 21 (FGF21), an insulin-sensitising hormone that
is an appealing drug target because of its beneficial metabolic
actions. Novel discoveries in hepatokine research may lead to
promising biomarkers and treatments for metabolic disorders
and type 2 diabetes. This is one of a series of commentaries
under the banner ‘50 years forward’, giving personal opinions
on future perspectives in diabetes, to celebrate the 50th anni-
versary of Diabetologia (1965–2015).
Keywords Beta cell . Glucose homeostasis . Hepatokines .
Liver .Metabolic diseases . NAFLD . Type 2 diabetes
Abbreviations
ANGPTL Angiopoietin-like protein
FGF21 Fibroblast growth factor 21
LECT2 Leucocyte cell-derived chemotaxin 2
LIRKO Liver-specific insulin receptor knockout
NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
Introduction
The metabolic syndrome is a leading health concern in the
wake of urbanisation, surplus energy intake, obesity and sed-
entary habits. It is defined by a constellation of interconnected
physiological and biochemical factors that increase the risk of
cardiovascular disease and type 2 diabetes, namely, insulin
resistance, visceral adiposity, dyslipidaemia, fatty liver, endo-
thelial dysfunction and elevated blood pressure.
Hyperglycaemia in type 2 diabetes is the result of impaired
insulin secretion and increased insulin resistance in target tis-
sues (liver, muscle, adipose tissue). Interestingly, several pro-
teins that are exclusively or predominantly secreted by the
liver are now known to directly affect energy metabolism.
Analogous to the adipokines (from adipose tissue) and
myokines (from skeletal muscle), these liver-derived proteins,
named hepatokines, have ambivalent roles, either promoting
insulin resistance or improving metabolic variables of type 2
diabetes [1]. For example, fetuin-A, plays a major pathogenic
role in metabolic diseases, while fibroblast growth factor 21
(FGF21) has recently emerged as a novel hormone, leading to
beneficial effects on glucose metabolism and lipid homeosta-
sis, in addition to promoting rapid body weight loss in rodents
[2]. Several FGF21 benefits have translated to non-human
primates and obese type 2 diabetic patients [3].
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From an historical point of view, and in order to illustrate
the roles of hepatokines in whole system biology, we will
briefly review the current knowledge on three major
hepatokines: (1) fetuin-A; (2) angiopoietin-like protein
(ANGPTL)8, also known as betatrophin; and (3) FGF21.
Keeping in mind the spirit of the task at hand, we will also
speculate on how hepatokines may in the future represent
novel biomarkers and therapeutic approaches for metabolic
disorders and type 2 diabetes.
While our environment in Western societies has played a
major role in the exponential growth of metabolic-related dis-
eases, the notion that the sole cause of obesity is behaviour
was first challenged in 1969 by the results of the parabiosis
studies conducted by Douglas Coleman [4]. The experiments
involved mice with two distinct diabetic mutations, ob/ob
mice, which display moderate glucose intolerance and islet
hypertrophy, and db/dbmice, characterised by a shortened life
expectancy and islet apoptosis. When paired to a wild-type
mouse, a significant food intake-limiting effect was reported
on the ob/ob partner; conversely, the db/db–wild-type pairing
induced severe feeding apathy in the wild-type, leading to its
starvation and death [4]. Coleman concluded that the obser-
vations were the result of a circulatory satiety factor, with the
ob/ob mouse producing insufficient factor to regulate its food
intake and the db/dbmouse producing factor that it was unre-
sponsive to. These findings not only provided the first clues to
a genetic component of obesity but also—of particular rele-
vance to this commentary—opened a new role for organ
crosstalk in the control of energy homeostasis. While
Coleman’s work revitalised the importance of circulatory fac-
tors in the field of diabetes, the theory of diabetes as a conse-
quence of multi-organ dysfunction was first established dur-
ing the mid-19th century. Claude Bernard, professor and phys-
iologist at the College of France in Paris (1855–1878) founded
the theory of internal secretion and first illustrated diabetes
mellitus as a multi-organ disorder. His discovery of endoge-
nous glucose production by the liver highlighted the critical
role of this organ in glucose homeostasis and diabetes.
Development of the liver-specific insulin receptor knockout
mouse (LIRKO) by Ronald Kahn’s laboratory in 2000 provid-
ed the first opportunity to explore the consequences of selec-
tive hepatic insulin resistance on systematic glucose tolerance
[5]. From the results of classic physiological experiments such
as parabiosis and newly developed genetic mouse models, the
role of hepatokines can be unlocked.
Fetuin-A
The first liver-derived factor suggested to regulate metabolic
balance through integrated organ crosstalk was fetuin-A, a
64 kDa glycoprotein encoded by the Ahsg gene. Circulating
levels of fetuin-A are increased in obesity and related
disorders such as the metabolic syndrome and type 2 diabetes.
Fetuin-A concentrations are tightly correlated with impaired
insulin sensitivity and glucose intolerance as it directly in-
hibits the downstream phosphorylation events of the insulin
signalling cascade and the translocation of the glucose trans-
porter GLUT4 in insulin target tissues. Interestingly, this liver-
derived protein is also associatedwith fatty liver and correlates
with non-alcoholic fatty liver disease (NAFLD) in humans
[1]. Identified as an adaptor protein for saturated fatty acid-
mediated activation of Toll-like receptor 4, this fetuin-A–fatty
acid synergy may induce inflammatory signalling and insulin
resistance—two important driving forces behind type 2 diabe-
tes [6]. Pioglitazone, one of the thiazolidinedione class of type
2 diabetes agents, significantly reduces serum fetuin-A levels
in patients with type 2 diabetes. However, other insulin-
sensitising therapies, such as metformin and aerobic exercise,
do not seem to affect fetuin-A levels [7]. Although its regula-
tion is still largely unknown, fetuin-A still represents an attrac-
tive target for the development of type 2 diabetes treatments.
ANGPTL8/betatrophin
Since the discovery of a glucose-lowering agent in pancreatic
extracts by Banting and Best in 1922 [8], improving pancre-
atic function, particularly endogenous insulin production by
beta cells, has been the focus of pharmaceutical research. The
notion of a hepatokine that could improve beta cell prolifera-
tion was based on the findings of a parabiosis study in which
LIRKO mice were paired with lean controls [9]. Control part-
ners of LIRKO mice showed increased plasma insulin con-
centrations associated with beta cell proliferation. Importantly,
serum from LIRKO mice increased beta cell proliferation in
cultured human islets, indicating that the secretome of an
insulin-resistant liver is able to induce physiological changes
in beta cell function/mass [9]. However, despite extensive
analysis of known circulating factors, a potential candidate
was not identified. Shortly following the description of liver-
derived secretory proteins secretion in LIRKO mice, a sepa-
rate team proposed a potential candidate, ANGPTL8,
renaming it betatrophin [10]. Through the use of the insulin
receptor antagonist S961, the authors credited this hepatokine
for the increased beta cell proliferation and mass observed
under conditions of whole body insulin resistance. While di-
rect stimulation of mouse beta cells with S961 in vitro had no
effect on morphology, systemic treatment strikingly increased
beta cell proliferation and mass. Initially promising, the role of
ANGPTL8 as a hepatokine controlling beta cell growth has
been challenged. Angptl8 knockout mice, while exhibiting
profoundly reduced triacylglycerol levels, show no abnormal-
ities in terms of glucose homeostasis and/or in beta cell ex-
pansion in response to insulin resistance resulting from either
a high-fat diet or from the administration of S961 [11].
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Overexpression of ANGPTL8 in the liver of mice did not
affect beta cell expansion [12]. Importantly, ANGPTL8 was
reported to be increased in serum of type 1 diabetic patients,
suggesting that hepatic insulin resistance is not necessary for
ANGPTL8 release. In addition, despite increased serum
ANGPTL8 concentrations, ANGPTL8 was unable to rescue
the massive beta cell apoptosis characteristic of type 1 diabetic
patients [13]. Regardless of current criticism, the fact that
plasma triacylglycerol levels seem to be correlated with
ANGPTL8 expression in mice supports the possibility that
inhibiting ANGPTL8 may represent an efficient therapeutic
strategy for the prevention of hypertriacylglycerolaemia.
FGF21
FGF21 has been noted as a promising pharmacological target
because of its ability to reduce blood glucose independently of
insulin by increasing the expression of glucose transporter
GLUT1 in human primary adipocytes [2]. In addition,
FGF21 decreases circulating triacylglycerol levels by reducing
lipolysis and increasing !-oxidation in the liver and adipose
tissue [3]. Classically observed to be upregulated by the
nuclear receptor peroxisome proliferator-activated receptor "
(PPAR") during fasting [14], recent studies have demonstrated
that FGF21 is also upregulated in hepatocytes stimulated by
high glucose and that its increased expression is directly in-
duced by the glucose-sensitive transcription factor known as
carbohydrate responsive element-binding protein (ChREBP)
[15]. This suggests an unexpected role for FGF21 in the re-
sponse to glucose overload. A cohort of both lean adults and
adults with the metabolic syndrome experienced a marked
increase in plasma levels of FGF21 60 min after a fructose
and glucose bolus [16], making FGF21 the first hepatokine to
be identified as being regulated by nutritional status. In addi-
tion, hepatic expression and circulating concentrations of
FGF21 are increased in patients with NAFLD [17]. These
observations point to a central role of FGF21 in metabolic
regulation and suggest that carbohydrate-induced FGF21 se-
cretion may be instrumental in preventing nutritional-induced
lipotoxicity by partitioning excess nutrients. In line
with this, mice deficient in hepatic glucose 6-
phosphatase (a key enzyme in glucose production) fed
a high-fat/high-sucrose diet, are resistant to obesity and
type 2 diabetes, despite the onset of hepatic steatosis,
owing to the secretion of liver-derived proteins such as
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Fig. 1 Hepatokines as biomarkers and therapeutic approaches for meta-
bolic diseases. The liver plays a central role in orchestrating whole body
energy metabolism through the secretion of hepatokine(s) in response to
stress signals (insulin resistance, type 2 diabetes, NASH). Combining
proteomic techniques and bioinformatics software platformsmay identify
variations in pathogenic or beneficial hepatokine(s) (lines a and b) as
potential biomarkers for the progression of diseases such as type 2
diabetes and/or NASH. Ideally, hepatokine discovery would also lead to
the development of therapeutics to control energy homeostasis, insulin
sensitivity and glucose uptake in peripheral tissues, while reducing resis-
tance and inflammation in target tissues. Improvement of specific tissue
function could then reduce the pancreatic workload and normalise hepatic
glucose production
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FGF21 and ANGPTL6 and the subsequent activation of
peripheral glucose metabolism and thermogenesis [18].
Hepatokine potential
Evaluation of insulin resistance (or sensitivity) and beta cell
function is key to understanding diabetes progression and for
decision-making regarding the choice of pharmacological
treatment(s). The gold standard method for assessment of in-
sulin sensitivity is the hyperinsulinaemic–euglycaemic clamp,
but this approach remains costly and time consuming and is
therefore mostly limited to clinical research. HOMA-IR, cal-
culated from fasting plasma glucose level and immunoreac-
tive insulin, is, in contrast to the glucose clamp, a simple
method for assessing insulin sensitivity. However, HOMA-
IR is not always reliable and is difficult to apply to patients
with poor glycaemic control, severe beta cell dysfunction and/
or receiving insulin therapy. In this context, hepatokines may
have the potential to provide simple and effective strategies
for disease detection/progression and patient care, and may
serve as therapeutic targets for various metabolic diseases,
including type 2 diabetes (Fig. 1).
Another field of interest is NAFLD, the hepatic component
of the metabolic syndrome. NAFLD ranges from simple be-
nign steatosis to non-alcoholic steatohepatitis (NASH).
Distinguishing simple steatosis from NASH is crucial, since
the latter can progress to end-stage liver disease, like fibrosis,
cirrhosis and hepatocellular carcinoma. Liver biopsy, consid-
ered the gold standard for NASH diagnosis, is invasive and
costly. Imaging studies (ultrasonography or magnetic reso-
nance imaging) have limited sensitivity for steatosis detection
and are currently not able to distinguish steatosis from NASH.
Therefore, reliable non-invasive biomarkers are needed for
NASH patients, to establish diagnosis, follow disease progres-
sion and implement efficient therapeutic strategies. Proteomic
techniques combined with mass spectrometry and bioinfor-
matics software should help to identify and quantify ‘network-
ing’ proteins in the secretome of patients at risk for type 2
diabetes or NASH (Fig. 1). In this context, one potential in-
teresting lead is leucocyte cell-derived chemotaxin 2
(LECT2), a secreted molecule mainly produced by hepato-
cytes that exerts an anti-inflammatory effect in !-catenin-
induced hepatic carcinoma [19]. According to recent observa-
tions in a cohort of type 2 diabetic patients, circulating levels
of LECT2 positively correlate with BMI and hepatic steatosis
[20]. These data suggest that LECT2 could be a new player in
the mechanisms of insulin resistance and may constitute a
biomarker for patient follow-up, notably in those at risk for
developing type 2 diabetes. However, circadian rhythms need
to be taken into account before considering a liver-secreted
protein as a potential biomarker. In particular, the fact that
baseline concentrations of circulating FGF21 are driven by
circadian control and that the early morning FGF21 peak ob-
served in lean individuals is completely lost in obese patients
[21], highlights the importance of fully characterising the cir-
cadian relationship of future hepatokines in order to determine
their suitability as potential biomarkers.
From a therapeutic point of view, LY2405319, an FGF21
analogue that is already in clinical trial, has shown a signifi-
cant and positive impact on reducing body weight and fasting
insulin in obese and diabetic patients after only 28 days of
daily subcutaneous injections [22]. Over the study period,
although glycaemia only showed a trend towards a decrease,
body weight was significantly reduced. These results could be
promising since weight reduction has substantial beneficial
effects on the metabolic syndrome. A recent publication using
insulin-deficient diabetic mice (resulting from streptozotocin
treatment) reported the importance of multiple tissue network-
ing in regulating blood glucose [23]. Improvement of
hyperglycaemia following LY2405319 treatment was due to
the utilisation of glucose by brown adipose tissue through
upregulation of the glucose transporters GLUT1 and
GLUT4. Removal of brown adipose tissue obliterated the
glucose-lowering effect of LY2405319 [23]. Personalised
therapies that could specifically target glucose utilisation in
peripheral tissues (adipose tissue, muscle) could greatly im-
prove the quality of life of patients by reducing the need for
insulin injections. A better understanding of the molecular
basis of FGF21 expression in the liver represents a necessary
step for efficient therapeutic approaches.
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